. Distribution of iron and gold ions in organs after intravenous injection of AS14GMNPs in 100 μL DPBS (1.6 μg kg -1 ) determined by electron microscopy (EM). Spectral analyses of iron and gold content in AS-14-GMNPs (A); thin section of the intact tumor tissue (B); tumor after 1 (C), 5 hours (D) and 24 hours (E) after intravenous injection of AS-14-GMNPs; liver (F), kidneys (G), and urine (H) 1 hour after injection of AS-14-GMNPs. Inserts -contrast EM of the correspondent sample.
The mechanical action of the magnetic particles on cells
If a magnetite particle has a spherical shape of radius , then its magnetic moment in a uniform external magnetic field ⃗ ⃗ 0 equals to
where μ -relative magnetic permeability, which value for magnetite is close to 5 according to the data [3] . This formula follows from the known exact solution for the problem of magnetization of a homogeneous ball [2] . Magnetic moment of a ball is directed along the field ⃗ ⃗ 0 , and therefore no torque appears. Any field inhomogeneity leads to magnetophores that we do not consider here.
The shape of our magnetic particles is substantially different from a ball. In such a case, the magnetic moment is large, if the body is elongated along the field ⃗ ⃗ 0 , and small for another orientation. For bodies of particular shapes, these parameters can be calculated. We assume that our particle is a prolate ellipsoid of revolution, and the long half-axis = 12 nm is twice longer than the short ones = 6 nm. The exact solution for the problem of magnetization of the ellipsoid is known [2] . For μ = 5 it gives the magnetic moments in the direction of elongation and normal one If there is an angle between the magnetic field ⃗ ⃗ 0 and the direction of elongation of the body, the magnetic moment is not parallel to the field. The projections of the moment on the field 0 and normal to it equal 1 cos and 2 sin . Hence, there is a torque
where 0 -magnetic permeability of vacuum. If the magnetic field strength 0 = 8 kA/m, which corresponds to 100 Oe, the torque depending on the angle can reach 0.5 • 10 −22 N•m.
Figure 3 is a diagram of the mechanical interaction of the magnetic particle with the cell. We use superparamagnetic particles which are covered by a thick layer of gold, so that from the outside they look like balls of radius = 25 nm. Their surface is covered with aptamers which cling to fibronectin filaments located in the intercellular space. These filaments are attached at their ends to integrins located in cell membranes. We approximately simulate the filaments as inextensible ones and we consider integrins as solid cylinders of radius = 2 nm.
When under the influence of the magnetic field the particle is rotated clockwise, as shown in Figure  3 , it pulls the left filament up and pulls the right one down. The left filament above the particle can be bent, and therefore does not transmit efforts at its upper end. The lower part of this filament pulls integrin with the force . Similarly, the right filament does not act on the integrin shown in Figure 3 , but pulls the other integrin, located somewhere above the drawing area.
For evaluation of the elastic forces generated by pulling integrin to the height ℎ, we approximately assume that all the elastic forces are determined by deformation of the membrane. According to We are interested in the phenomenon with a scale much smaller than the radius of the cell c R . So we neglect the curvature of the membrane. We consider a thin membrane, and we suppose that it is fixed at the circle of some large radius R  . In our model the integrin looks like a solid circle of radius R centered at the same point as the center of the selected circle of the membrane. This object is rotationally symmetric. Hence, we use the polar coordinates , r  of the points in the plane of the non-deformed membrane. Points do no move in direction of  because of the symmetry. For small strains the displacement in direction of r has a higher order of smallness than the deflection in the direction normal to the membrane. The latter is denoted as () wr. Therefore, the displacement of the membrane points is described by one function () wr. The following boundary conditions correspond to the rise to the height h at the circle rR  and zero
(1)
The membrane takes such a form that the elastic energy J reaches a minimum. 
(2) The graph of this solution is shown in qualitative manner in Figure 3 . Such a membrane is inclined relative to the plane at the angle  , such that
This slope on the border with the solid circle defines the force with which the membrane draws the circle dawn in the vertical direction
The formula is simplified for small angle  , when sin tg    
The maximum value of torque 22 0.5 10 N    N•m due to the magnetic field acting on the magnetic particle was obtained above. It is easy to show that since we use low frequencies, the inertia during the rotation of the particle can be neglected. The friction of the surrounding liquid is more important, but the friction torque is also a few orders of magnitude smaller than the torque N .
Therefore, the pair of the elastic force (5) and having the same module elastic force applied to the right-hand filament in Figure 3, Note that these values of , hF are obtained only for the magnetic particles oriented in a certain way with respect to the direction of the external magnetic field ⃗ ⃗ 0 . Since the particles when attached to the cells are randomly oriented, the specified parameter values ought to be reduced several times to estimate the average impact on a cell.
The obtained limit values could be achieved when varying over time magnetic field ⃗ ⃗ 0 has amplitude value, that occurs twice during the period. The frequency is 50 Hz in our experiments. When the magnetic field ⃗ ⃗ 0 is reversed, the magnetic moment of each magnetite particle does the same. The torque keeps sign since it equals to their vector product. Consequently, during both half cycles the particle rotates in the same direction when the field strength increases, and returns to its free position when the field is weakened. Therefore, during 0.01 sec integrin is pulled out of the cell to a height about 0.07 nm and returns to its original position. Perhaps, just these twitches with frequency 100 Hz damage cells in our experiments, whereas the stationary membrane deformations of the same scale could be not so effective.
Heating
Let us show that the thermal energy released in magnetic particles is distributed throughout the liquid. In our experiments, the particles have a concentration of the order of First, we study the heating of the metal particles in an alternating magnetic field.
In our experiments, we use an alternating magnetic field with a strength of about 100 Oe or 8 kA/m, that corresponds to the magnetic induction = 0.01 T. This field varies with time at a frequency = 50 Hz.
Living cells and magnetic particles can be in different liquids. All of these liquids have salinity not exceeding seawater salinity. Therefore, to estimate maximum effect, consider seawater which conductivity is = 3 S/m. The main part of the used magnetic particles takes gold which conductivity is = 0.5 • 10 7 S/m.
The nature of the influence of the alternating magnetic field on a substance is determined by such a parameter as the thickness of the skin layer = 1/√ 0 , and = 40 m for the liquid and = 1 cm for gold. Here 0 is magnetic permeability of vacuum. Because these parameters are many orders of magnitude greater than the characteristic size of the region occupied by the liquid, and the size of the particles, respectively, the magnetic field freely permeates without being distorted into the liquid and into the particles.
By virtue of the law of electromagnetic induction the variation of the magnetic field creates a vortex electric field ⃗ which satisfy the equation
where the integration in the left side is made over an arbitrary closed circuit, and in the right side -over the surface bounded by this circuit, -time.
To simplify estimates, assume that liquid occupies a region which is symmetric with respect to rotation about the same axis as that of the solenoid which generates a magnetic field. The magnetic field is assumed homogeneous, and its induction is defined as cos(2 ). Then the electric field is also axially symmetric and has only an azimuthal component − sin(2 ), and the integration in (6) for a circle of radius is simple. Get −2 sin(2 ) = ( cos(2 ) 2 ).
We express E, and for all points of the fluid at a distance of less than 5 mm from the axis, we obtain the estimate 
that is negligible.
Now consider the heating of the gold ball, placed in the liquid. Since the radius of the ball, = 25 nm, is much smaller than the distance between the balls, each ball can be considered separately, as being in an infinite domain with a uniform electric field with strength ⃗ , which module is .
We know the exact solution of this problem of electrical conductivity. The electric potential in spherical coordinates , , , with the axis = 0 directed along ⃗ , has the form
where the constants
Linear dependence of the electric potential on the coordinate = cos inside the ball means a uniform electric field with strength ≈ 3 / , because / ≫ 1. Accordingly, the density of Joule dissipation inside the ball equals 2 ≈ 9 2 / , that differs 9 / ≪1 times from dissipation in the liquid. The electric field strength in the vicinity of the ball as compared to do not increase more than threefold, and returns to the value with the distance from the ball. Accordingly, the density of Joule dissipation increases only in a small neighborhood of the ball and no more than 9 times.
Thus, the ball with high electric conductivity increases heating of some surrounding liquid, while the ball itself heats much less than liquid would be heated without it. The heating is negligible in view of the inequality (7).
One more important mechanism of energy transfer from the magnetic field to the medium is the work done by rotating particles.
Upon rotation of the particle the magnetic field does work AN   , where  -the angle of rotation, N -torque. Above, we obtain an estimate 0 0.15 0.003  radians. It was used the assumption that fibronectin filaments may be regarded as inextensible ones. If, on the contrary, they are easily stretched, they have virtually no influence on the rotation of the particles, which would turn to the ellipsoid orientation along the magnetic field, therefore,  may be of the order of one radian. Of course, in such a case the cell membrane is not deformed, and all resistance would be determined by a rotation viscosity of the liquid. To evaluate the work from above, we use the limit 1  radian and obtain AN  . All this work is ultimately converted into heat. The particle has a volume much smaller volume of fluid surrounding it, and this thermal energy is rapidly distributed throughout the liquid. Therefore, the law of conservation of energy can be written as 
